Peptide transport can be defined as a cellular process by which small peptides of two to five residues are transported across the cytoplasmic membrane into a cell in an energy-dependent manner. Once transported, the peptides are rapidly hydrolyzed into amino acids by intracellular peptidases and serve as a source of amino acids, carbon, or nitrogen. Peptide transport has been well documented physiologically in a wide variety of organisms, including bacteria (Payne and Smith, 1994) , fungi (Becker and Naider, 1980; Naider and Becker, 1987) , animals (Ganapathy and Leibach, 1991) , and plants (Higgins and Payne, 1980) .
In bacteria, a number of genes that encode components of peptide transport systems have been cloned and sequenced (for a recent review, see Payne and Smith, 1994) . In eukaryotes, five peptide transport genes have been reported: PTR2, CaPTR2, PepTl, AtPTR2-A, and HPTl. PTR2, a yeast peptide transport gene from Sacckaromyces cereviThis research was supported by grant No. 9502661 from the siae, confers the ability to grow on dipeptides containing required amino acids and sensitivity to various peptides carrying toxic amino acids (Perry et al., 1994) . A similar gene, CaPTR2, has been cloned and characterized from the yeast pathogen Candida albicans (Basrai et al., 1995) . PepTl isolated from a rabbit small intestine cDNA library (Fei et al., 1994 ) encodes a proton-coupled peptide transport protein. In the rabbit intestine, the PepT1-mediated uptake pathway is reported to constitute a major mechanism for absorption of the products of protein digestion. PepTl mRNA was also found in kidney and liver and in small amounts in brain. The potential function of the peptide transporter in kidney may serve to absorb filtered peptides, peptide-derived antibiotics, and peptides produced as a result of the action of luminal peptidases (Tiruppathi et al., 1990; Daniel and Adibi, 1993) . In human intestine, HPTl appears to facilitate the oral absorption of p-lactam antibiotics and angiotensin-converting enzyme inhibitors into enterocytes lining the luminal wall (Dantzig et al., 1994) .
In higher plants, peptide transport systems likely play an important role in plant embryo development Payne, 1980, 1982) . Germinating barley seeds have been shown to transport intact peptides, released from endosperm stores, into the embryo and subsequently hydrolyze them to amino acids for growth (Sopanen et al., 1977 (Sopanen et al., , 1978 Higgins and Payne, 1978a; Salmenkallio and Sopanen, 1989) . Two proteins, of approximately 66 and 41 kD, were initially identified by thiol affinity labeling as components of the plant peptide transport system in barley grains (Payne and Walker-Smith, 1987 ). An additional protein, of 54 kD, was identified by photoaffinity labeling (Hardy et al., 1991) .
These earlier investigations led us to initiate a molecular study of plant peptide transport in the hope of elucidating the role(s) of such systems in normal plant growth and development. Recently, we reported the identification and characterization of an Arabidopsis peptide transport gene (AtPTR2-A). The AtPTR2-A cDNA clone was isolated by functional complementation of a yeast peptide transport mutant . In this study, we report the isolation of a second Arabidopsis peptide transport gene (AtPTR2-B), which is distinct from AtPTR2-A.
MATERIALS AND METHODS

Strains and Media
The Saccharomyces cerevisiae strains used were S288C (MATa SUC2 mal mel ga12 CUPl), PBlX-9B (MATa um3-52 Ieu2-3,112 lysl-1 his4-38 ptr2-21, PBlX-2A (MATa uru3-52 leu2-3,112 lysl-1 his4-38 PTR2), and PBlX-2AA(MATa ura3-52 Ieu2-3,112 lys241-1 his4-38 pfr2-2A::LEU2). PB1X-2AA was constructed from strain PBlX-2A using a one-step gene disruption/replacement strategy (Perry et al., 1994) . The yeast strains were maintained on yeast extract-peptone-dextrose medium containing 1 % yeast extract, 2% bacto-peptone, 2% Glc, and 2% agar. Transformants were selected on SC medium (Sherman et al., 1986) supplemented with amino acids (0.15 mM). Plasmids were propagated in Escherichia coli strain DH5a (supE44 ksdR17 recAl gyrA96 thi-1 relAl) on Luria-Bertani medium supplemented with ampicillin (100 pg/mL).
Plant Growth
Arabidopsis thaliuna (ecotype Landsberg erecta) plants used for DNA and RNA isolation experiments were grown at 22°C with a 16-h light photoperiod either in a soil mixture (sphagnum, vermiculite, and perlite with the ratio of 1:l:l) for 6 weeks to obtain mature plant materials or in Petri dishes with germination medium containing Murashige and Skoog (1962) salt mixture, l% SUC, and 0.7% agar for 3 weeks to obtain young seedlings (two-leaf stage).
Yeast Transformation and Screening
The yeast mutant strains PBlX-2AA and PB1X-9B were transformed (Gietz et al., 1992) with a cDNA expression library derived from Arabidopsis seedlings (Minet et al., 1992) . Primary transformants were selected on SC medium supplemented with L-Leu, L-LYS, and L-His (150 p~) . Transformants were washed from these plates with sterile distilled H,O and plated on dipeptide medium (SC minus uracil plus 80 PM His-Leu and/or Lys-Leu in place of the required amino acids). Plasmid DNA was isolated from colonies that appeared on this medium and transformed into E. coli for plasmid amplification. The isolated plasmid DNA was used to transform the mutant strains PBlX-2AA or PBlX-9B. Only plasmids restoring the growth of the mutants on dipeptide medium were further analyzed by Southern blot analysis and DNA sequencing. Genomic DNA from Arabidopsis plants was isolated from young seedlings using a cetyltrimethylammonium bromide nucleic acid extraction procedure (Rogers and Bendich, 1985) . Genomic Southern blot analysis was described previously . A 32P-labeled DNA probe was obtained by nick translation using a 2.0-kb Notl restriction fragment from the pDTF1 plasmid containing the Arabidopsis peptide transport gene (AtPTR2-B).
DNA Sequencing and Computer Analysis
The DNA sequence of the cDNA clone was determined on both strands by subcloning of restriction fragments into pBluescript I1 SK+ (Stratagene) followed by dideoxynucleotide sequencing with Sequenase version 2.0 (United States Biochemical). An exonuclease 111-mung bean nuclease deletion kit (Strategene) was used to generate a set of deletions of the subclones. The University of Wisconsin Genetics Computer Group program (Devereux et al., 1984) was used for nucleic and amino acid sequence analysis. The National Center for Biotechnology Information BLAST algorithm search program (Altschul et al., 1990 ) was used for data base searches.
Growth on Peptide Substrates
The yeast peptide transport mutant PBlX-2AA or PB1X-9B containing either of the Arabidopsis cDNA clones (AfPTR2-A or AfPTR2-B) or the yeast peptide transport gene (PTR2) was grown on various peptides to determine substrate specificity of the plant peptide transporter. The assay was performed as described previously . Disc Assays sured as described previously .
Sensitivity to toxic amino acids and peptides was mea-
Transport Assays
Uptake of ~-leucyl-~-[~H]Leu was measured as previously described . ~-Leucyl-~-[~H]Leu TFA and toxic peptides were synthesized by standard solution-phase techniques (Naider et al., 1974) .
Transport Kinetics
Radiolabeled uptake assays were performed as described by Steiner et al. (1994) .
[3H]Dileucine concentrations were 1, 5, 10, 20, 50, and 100 p~ with the specific activity of [3H]dileucine held constant (20 mCi/mmol). Individual samples were taken at 20-s intervals. The kinetic parameters K, and V,,, were determined from Eadie-Hofstee plots (Tinoco et al., 1985) .
Extraction of RNA and Northern Blot Analysis
Total RNA from A . thaliana was extracted by the guanidine thiocyanate isolation procedure with LiCl precipitation as described by Sambrook et al. (1989) . Twenty micrograms of total RNA were electrophoresed on a 1.2% agarose gel and transferred to a nylon membrane. An AtPTR2-B-specific probe was prepared by random hexamer-primed [CI-~~PI~ATP labeling and hybridized to blots at 42°C in 50% formamide. Blots were washed under highstringency conditions (0.1% SDS, 0.1% SSC, 65°C). (Perry et al., 1994) .
AtPTR2-B represents A. thaliana peptide transporter AtPTR2-B (this paper).
AtCHLl represents A. thaliana nitrate transporter 1 (Tsay et al., 1993 ).
e CaPtr2p represents C. albicans peptide transporter (Basrai et al., 1995) .
PepTl represents rabbit peptide transporter (Fei et al., 1994) .
8 DtpT represents L. lactis peptide transporter (Hagting et al., 1994) .
Chemicals and Reagents
Bachem BioSciences, Inc. (Philadelphia, PA).
AI1 nontoxic peptides were purchased from Sigma or
RESULTS
lsolation of Arabidopsis Peptide Transport Genes
S. cerevisiae strains PBIX-9B and PB1X-2AA are unable to transport dipeptides because of a mutation or deletion, respectively, in the PTR2 gene. An A. tkaliana cDNA library was transformed into both mutant strains and the transformants were screened for growth on dipeptide medium containing His-Leu and/or Lys-Leu in place of the amino acids Leu, Lys, or His, which are required for growth. The AtPTR2-A gene encoded on plasmid pPTF4 has been previously described . A second cDNA clone (AtPTR2-B), encoded on plasmid pDTF1, was also isolated during this procedure. DNA hybridization showed that the cDNA inserts in pPTF4 and pDTFl did not cross-hybridize, indicating that two unique clones were isolated. Southern blot analysis of an Arabidopsis genomic DNA using a AtPTR2-B-specific probe showed that EcoRV-digested genomic DNA generated a single band, of about 3.2 kb, and PstI-digested genomic DNA generated two bands, of approximately 6.1 and 0.56 kb (data not shown).
Sequence Analysis and Comparison
The sequence of the 2.0-kb DNA insert in plasmid pDTFl was determined. The sequence showed the presence of a putative 1755-bp open reading frame (termed AtPTR2-B) encoding a predicted protein of 585 amino acids (64.4 kD). Hydropathy analysis (Kyte and Doolittle, 1982) predicts that AtPTR2-B contains 12 putative transmembrane segments (data not shown). A search of the protein sequence data base using the National Center for Biotechnology Information BLAST algorithm revealed that AtPTR2-B is 99.8% identical with the NTRl protein previously reported by Frommer et al. (1994) . The NTRZ gene was postulated to encode a His transporter. Since the NTRZ gene was also isolated using the Arabidopsis cDNA library constructed by Minet et al. (1992) , it is likely that the AtPTR2-B and NTRZ genes are identical and the differences noted are the result of slight sequencing differences. However, as shown below, our data with AtPTR2-B are not consistent with a functional role in His transport. The protein sequence of AtPTR2-B shares a high degree of similarity to the A. tkaliana nitrate transporter AtCHLl, the rabbit peptide transporter PepT1, the A. tkaliana peptide transporter AtPTR2-A, the yeast peptide transporter Ptr2p, the C. albicans peptide transporter CaPtrfp (Basrai et al., 1995) , and the newly described peptide transporter from Lactococcus lactis DtpT, which is a non-ABC-type peptide transporter reported in prokaryotes (Table I) . Previously, we reported that these proteins define a new family of transport proteins (Steiner et al., 1995) .
Complementation of the Yeast Mutant for Crowth on Peptides
Strain PBlX-9B, a ptr2 mutant of S. cerevisiae, is auxotrophic for Leu, His, and Lys. Therefore, uptake of peptides c a n be measured by growth because the peptides provide one or more of the required amino acids. Table I1 shows that the mutant PBIX-9B cannot grow on any of the peptides tested, whereas PBlX-9B transformed with AtPTR2-B grows on all peptides except trilysine and peptides with four or more residues. This pattern of growth is similar to that of transformants expressing Ptr2p in the pJP9 plasmid, 110, 1996 except that the AfPTR2-B-containing transformants are able to utilize Met-Met-Leu. For comparison, Table I1 also lists the data for the AtPTR2-A transformant constructed previously . As shown, the uptake patterns for AtPTR2-B and AtPTR2-A are identical, indicating that the uptake of Met-Met-Leu is a unique feature of both Arabidopsis peptide transportem
Sensitivity to Toxic Peptides
It has been shown that the yeast mutant PBlX-9B (ptr2-)
is resistant to a number of peptides containing toxic amino acid analogs (i.e. Eth, fluorophenylalanine, oxalysine; Perry et al., 1994) . The transformation of PBIX-9B with pPJ9 (PTR2) or pPTF4 (AtPTR2-A) restored sensitivity to toxic di-or tripeptides as indicated by an apparent inhibition zone . This is due to the uptake of the toxic peptides by the peptide transport system and subsequent release of the toxic amino acid moiety intracellularly to inhibit the growth of cells. However, as shown in Table  111 , PB1X-9B transformants expressing AtPTR2-B under the control of the same promoter as that for AtPTR2-A were partially resistant to these toxic peptides as reflected by the heavy growth of cells observed within the zone of inhibition. This result suggests that AtPTR2-B has a lower uptake capacity for these toxic peptides than AtPTR2-A or the yeast Ptr2p transporter.
Radiolabeled Dileucine Uptake and Competitive lnhibition
As indicated previously, it is likely that AtPTR2-B is identical to the previously reported His transport protein NTRl (Frommer et al., 1994) . Therefore, to test whether AtPTR2-8 could also transport His, various concentrations of His were tested for their ability to competitively inhibit
[3H]dileucine uptake in transformants expressing AtPTR2-B (Fig. 1) not inhibit uptake. We also determined whether AtPTR2-B would allow better growth on His when expressed in yeast cells. Growth response to various levels of His was identical in cells expressing or lacking the AtPTR2-B gene, demonstrating no physiological r o l e of AtPTR2-B in His uptake. Since AtPTR2-A and AtPTR2-B show significant homology to the Arabidopsis nitrate transporter AtCHL1, we also examined the ability of nitrate to compete for [3H]dileucine uptake. No inhibition of uptake was seen when up to 10 mM nitrate was added (data not shown). (Fig. 2) . Since AtPTR2-B transformants exhibit partia1 resistance to toxic peptides, it was also of interest to determine the effect of these toxic peptides on uptake of [3H]dileucine. As shown in Figure 3 , increasing concentrations of Leu-Eth resulted in increasing inhibition of [3H]dileucine uptake by AtPTR2-A or AtPTR2-B. Uptake by AtPTR2-B was completely inhibited by the addition of Leu-Eth at a 7.8-fold excess concentration (234 p~) over that of [3H]dileucine, and uptake by AtPTR2-A was almost completely inhibited at the same concentration of Leu-Eth.
Analysis of Transport Kinetics of AtPTR2-A and AtPTR2-B
Peptide transport by AtPTR2-A or AtPTR2-B transformants exhibited concentration-dependent kinetics approaching saturation consistent with carrier-mediated uptake (Fig. 4, inset) .
[3H]Dileucine uptake obeyed simple Michaelis-Menten kinetics describing involvement of a single transport system (i.e. the Eadie-Hofstee plot, uptake rate/peptide concentration versus uptake rate, was linear) (Fig. 4) . The kinetic parameters ( K , and V,,,) for [3H]dileucine uptake are 46.9 ~L M and 0.061 nmol mg-I cell dry weight s-', respectively, for AtPTR2-A and 14.4 PM and 0.013 nmol mg-' cell dry weight s-', respectively, for AtPTR2-B. These results indicate that relative to each other, AtPTR2-A is a low-affinity, high-capacity transporter, whereas AtPTR2-B is a high-affinity, low-capacity transporter. AtPTR2-6, O p~ Leu-Eth; W, AtPTR2-6, 78 p~ Leu-Eth; A, AtPTR2-6, 234 p~ Leu-Eth; A, PB1 X-96. SE was <5% of the mean. Note that, unlike the case in Figures 2 and 4 , the AtPTR2-A and AtPTR2-B genes were expressed in the strain PB1 X-96. d.w., Dry weight.
Expression Pattern of AfPTR2-B mRNA in Arabidopsis Plants
To determine the organ-specific expression of AtPTR2-B, AtPTR2-B mRNA was examined by high-stringency northern blot analysis. An mRNA transcript of about 2.0 kb was detected, as shown in Figure 5 . The AtPTR2-B gene was highly expressed in young leaf, root, and 3-d-germinating seed, intermediately expressed in stem, flower, and mature leaf, but expressed at a relatively low level in siliques. The levels of rRNA loaded in each lane (visualized by methylene blue staining) served as a control for the quantity of total RNA used from different organs (Fig. 5) .
The availability of a yeast peptide transport mutant and the use of a functional complementation strategy allowed us to isolate a new Arabidopsis peptide transport gene AtPTR2-B. Sequence comparisons demonstrate that AtPTR2-B is a member of the PTR family of transport proteins (Steiner et al., 1995) . The same family of transport proteins was identified recently on the basis of a protein data base search and called the POT family for protondependent oligopeptide transport (Paulsen and Szurray, 1994) . Howgver, because it is not known whether a11 of the members of this family are proton dependent or whether they mediate the transport of oligopeptides, we believe the more generic designation PTR (for peptide transport) is more appropriate at this time than &e POT designation. The higher identity of AtPTR2-B to the Arabidopsis nitrate- inducible nitrate transporter AtCHLl and the rabbit peptide transporter PepTl suggests that the PTR family may be composed of two distinct subfamilies. Recently, a putative Arabidopsis His transporter, NTR1, was reported by Frommer et al. (1994) . The DNA sequence reported for the NTR1 gene and that given here for AtPTR2-B are virtually identical. Since these genes were both isolated from the cDNA library constructed by Minet et al. (1992) , we believe that it is likely that these two genes are indeed identical and that the small amount of sequence divergence is a result of sequencing differences. However, a 200-fold excess of His had no effect on [ 3 H]dileucine uptake by yeast transformants expressing AtPTR2-B. Indeed, Frommer et al. (1994) were unable to detect [ 14 C]His uptake in yeast transformants expressing NTR1. Although the expression of NTR1 in a yeast His auxotroph allowed for growth on medium containing 6 ITIM His, it was noted that this growth was quite slow. Therefore, we conclude that high-level expression of NTR1 (AtPTR2-B) in yeast can provide a low level of His uptake. This level appears sufficient to support marginal growth but insufficient to be detected by the measurement of [ Yeast transformants expressing AtPTR2-B are able to grow on dipeptide-or tripeptide-containing media but are not able to utilize peptides of four residues or longer (Table  II) . Peptide uptake mediated by AtPTR2-B appears to lack a strict side-chain specificity. However, highly basic peptides, such as those with three or more Lys's, are not transported. These results are consistent with our previous results ) with PTR2p and AtPTR2-A as well as other studies with yeast (Lichliter et al., 1976) and plants Payne, 1978b, 1978c; Sopanen et al., 1978) .
Another similar feature between AtPTR2-A and AtPTR2-B appears to be a preference for transporting peptides containing one or more hydrophobic amino acids (e.g. Ala, Leu, or Met), although a limited number of peptides were tested. Such a preference was observed earlier in studies of yeast and barley peptide transport systems Payne, 1977a, 1977b; Sopanen et al., 1978; Becker and Naider, 1980) . Transport of radiolabeled dileucine by yeast transformed with pDTFl (AIPTR2-B) was also effectively inhibited by a number of peptides containing hydrophobic amino acids (data not shown).
Considering the number of similarities between AtPTR2-A and ATPTR2-B, it was surprising to find that AtPTR2-B conferred only partial sensitivity to toxic peptides when expressed in yeast. (Island et al., 1987) . Further research will be required to examine the regulation of AtPTR2-A in vivo.
A t present, we do not have a clear idea of t h e physiological significance of AtPTR2-A o r AtPTR2-B i n vivo. One or both transport proteins could be playing a nutritional role by mediating the uptake of peptides as a carbon a n d nitrogen source. However, one can postulate additional roles for peptide transport in plants. For example, the isolation of plant peptide-conjugated hormones (Andreae and Good, 1955; Winter and Thimann, 1966) implies the possible involvement of peptides in regulating plant hormone activity (Higgins and Payne, 1982) . Peptide transport systems m a y be involved in the movement of such hormone-peptide conjugates within the plant. In addition, severa1 phytotoxins produced by plant pathogens are modified peptides (Willis et al., 1991) . It is possible that AtPTR2-A or AtPTR2-B could transport small peptide phytotoxins such as the dipeptide tabtoxin, produced by Pseudomonas syringae pv tabaci (Gross et al., 1991) , or the tripeptide phaseolotoxin, produced by Pseudomonas phaseolicola (Mitchell, 1976) . The availability of the AtPTR2-A and AtPTR2-B genes will permit a detailed molecular analysis of their function and regulation. These studies will provide the basis for understanding the role(s) of peptide transporters in plant growth and development.
